The breeding structure of populations has been neglected in studies of Drosophila, even though Wright and Dobzhansky's pioneering work on the genetics of natural populations was an attempt to tackle what they regarded as an essential factor in evolution. We compared the breeding structure of sympatric populations of D. melanogaster and D. simulans, two sibling species that are widely used in evolutionary studies. We recorded changes in population density and microsatellite variation patterns for 3 years in a temperate environment of southwestern France. Results were distinctively different in the two species. Maximum population levels in summer and in autumn were similar and fluctuated greatly over years, each species being in turn the most abundant. However, genetic data showed that D. melanogaster made up a continuous breeding population in time and space of practically infinite effective size. D. simulans was fragmented into isolates with a local effective size of between 50 and 350 individuals. A consequence of this was that, while a local sample provided a reliable estimate of regional genetic variability in D. melanogaster, a sample from the same area provided an underestimate of this parameter in D. simulans. In practical terms, this means that variations in breeding structure should be accounted for in sampling schemes and in designing evolutionary genetic models. More generally, this suggests the existence of differential reactions to local environments that might contribute to several genomic differences observed between these species.
I
NTEREST in the genetic structuring of natural poputo observations, still to be confirmed, showing substanlations arose in the early 1930s, after the population tial local structuring (Danieli and Costa 1977; Taylor genetic syntheses published by Fisher (1930) and Wright and Powell 1977) . Microsatellite markers now provide (1931) revealed their diverging opinions concerning a powerful way of detecting microscale structuring in the effect of population breeding structure on the dyDrosophila populations (Agis and Schlö tterer 2001). namics of evolution through natural selection. The need
The microgeographic distribution of Drosophila poputo estimate population parameters led Dobzhansky to lations is still poorly understood despite ecological studinvestigate the genetics of natural populations in Droies in several species (e.g., Begon 1977) . In particular, sophila pseudoobscura (Lewontin et al. 1981) . Using the more information in this domain is needed from D. allelism of lethals, Dobzhansky and Wright (1941) melanogaster and D. simulans. These species have become and Wright et al. (1942) were able to provide joint major evolutionary genetics models in the last decade estimates for N e (the effective population size) and m and show confusing differences in their patterns of (the migration rate between populations). These studies molecular variation, which suggest demographic explaled to growing interest in population structuring and nations (e.g., Andolfatto 2001; Begun 2001; Charlesencouraged Wright to develop F-statistics (Wright 1951) .
worth 2001). Moreover, captive Drosophila populaLethal studies were also conducted in D. melanogaster tions have recently been used as experimental models of (Ives 1945 (Ives , 1950 (Ives , 1959 . The availability of balancers in endangered species (Frankham 1995) , thus providing this species made it possible to simultaneously investiadditional reasons to study their breeding structure in gate the distribution of deleterious effects (see e.g., nature.
Mukai and Yamaguchi 1974). However, lethal studies
We report a microscale study of population structurhad limitations due to extensive line heterogeneity in ing in D. melanogaster and D. simulans in the Bordeaux mutation rates resulting from transposable elements vineyard area of southwestern France. The "fruit fly" or (Mukai et al. 1985; Ives and Band 1986; Keightley "vinegar fly" (Green 2002 ; the "vintage fly" or "musset" and Eyre-Walker 1999). The introduction of allozyme of local vine growers) lives on fermenting fruit, forming techniques (Hubby and Lewontin 1966) raised new dense populations on the rotting leftovers of vine agriinterest in the breeding structure of Drosophila and led culture. These two species are thought to originate in Africa and to have extended their range to Europe with the rise of agriculture in neolithic times (Lachaise et al. scape that is ideal for studying microscale migration.
1
Bordeaux 2: samples were collected in summer 1997 (22 Au-
The ecophysiology of fruit flies is poorly understood. gust).
In temperate countries natural populations are found critical in determining their effective population size. In this study, we used microsatellite genetic variation to Long-term study: In 1997 and 1998, Bordeaux 1, Preignac determine changes in effective population size over time 1, and Preignac 2 samples were collected twice a week from the first week of August to the first week of November for an and space. Given the paucity of reference literature on ecological survey that will be published elsewhere. In this the subject, we designed an observational scheme that article, pooled data from these three locations were used for balanced sampling effort over time and over space, each estimating sex-ratio values and species abundance.
factor being considered at two nested scales (from 3
Short-term study in Bordeaux 1: In Bordeaux 1 samples months to 3 years and from 4 to 30 km, respectively)
were taken at several times for the same population in 1997. They were collected between 9 and 13 August (about the time to be able to adjust the focus in further studies.
of year when fruit flies are first observed), on 25 August (about the time of peak abundance), and on 8 October (about the time of declining populations).
MATERIALS AND METHODS
Trapping device: A technical difficulty in the ecological genetics of Drosophila is that, to our knowledge, previous Study area: The sampling design is summarized in Table 1 . studies trapped flies using attractive baits made of fermenting It involves four collecting sites that formed two 30-km-distant fruit. Although very efficient, this technique can introduce regions, each being divided in turn into two 4-km-distant samsampling biases (e.g., Wahlund effects) by attracting flies from pling sites. The first region is in the Graves vineyard, immedia wide area. We therefore used a nonattractive device adapted ately south of Bordeaux. The two sampling sites were at the from traps previously used for collecting aphids (Labonne et "Grande Ferrade" château (hereafter "Bordeaux 1"), an agricultural research station owned by Institut National de la al. 1983). Each trap consisted of a wooden frame inside which a 25 ϫ 25-cm screen was made using parallel nylon threads to be independent, except for those linked to the breakpoints of the In(2L)t inversion in D. melanogaster (Michalakis and spaced at 5-mm intervals. The threads were covered with glue. These traps were hung in the vineyard for 3-4 days. We conVeuille 1996). Population differentiation was tested using an exact test (Raymond and Rousset 1995). Wright's F ST was sider that this method was nonattractive and collected a constant proportion of the flies that went through the screens.
calculated after Weir and Cockerham (1984) . Population heterozygosity was estimated as There was no indication of saturation or of variation in efficiency over time, although we did not monitor the screens
for this. The trapped flies were recovered by covering the traps with turpentine for 30-120 min. The flies were then where p i is the frequency of the ith allele in a sample of 2n stored in 70% ethanol/30% TE until DNA extraction. This chromosomes. The estimate of effective population size and protocol provided suitable material for PCR amplification.
of its confidence interval (C.I.) was calculated using Waples's Variations in the output of amplification on a sample-by-sam-(1989) "F " genetic correlation coefficient between samples ple basis, however, point to unidentified drawbacks of the taken from the same population at different generations. It collecting method, possibly due to decay of trapped material is estimated as between field visits. There were 5-15 trapping screens at 1.5-m
, intervals/sampling site. For each of them, an individual sample of 20 males was used for analysis. Screens from the same where x i and x j are allele frequencies in successive population area in the same vineyard were pooled when necessary; howsamples, the sum being calculated over k alleles. According ever, this produced no artifactual structuring (see results).
to a classical relation, genetic variation decreases as H t ϭ H 0 The number of chromosomes observed is indicated as 2n in exp(Ϫt/2N e ) between generations 0 and t (Wright 1931; Table 1 . Malécot 1946 Malécot , 1948 . From this, Waples (1989) showed that Recording genetical data: DNA extraction, PCR amplifica-F depends on the effective population size and on sample tion, and examination of polymorphism at 10 microsatellite sizes (2n 1 and 2n 2 ) according to E(F ) Ϸ (2n 1 ϩ 2n 2 )/(8n 1 n 2 ) ϩ loci from chromosome II [bib, cad, dl, mam, odd, slobo, t/(2N e ) , from which the effective population size can be obSu(H), Su(z)2, and twist] were carried out as described by tained. Confidence intervals (␣ ϭ 0.05, 1 Ϫ ␣ ϭ 0.95) were Michalakis and Veuille (1996). These loci are taken from computed according to Waples (1989) as nF/( being found only once in six observations. In these (range 0.338-0.397 over 10 loci) and 0.410 in the second species (range 0.363-0.482 over 10 loci). Three D. simthree populations, trapped males were significantly less abundant than trapped females in August and Septemulans samples showed especially low values (Bordeaux 1-98, Preignac 1-97, and Preignac 2-97). Two of these ber and reached a 50% proportion in October (data not shown). The cause of these variations is unknown.
samples correspond to sites that were sampled for two successive years. The Bordeaux 1-98 sample showed a They may thus result from differences in the primary sex ratio, from differential survival, from differential marked decrease in heterozygosity relative to the preceding sample (Bordeaux 1-97) since the average value migration, or from differential activity, in which case they would depend on the trapping device.
between samples dropped from 0.454 to 0.363. Preignac 1-97 showed a much lower value than did the following Genetic variation levels: Heterozygosity levels are shown in Table 3 (D. melanogaster) and Table 4 (D. sample, Preignac 1-98, with an increase from 0.374 to 0.433. The Preignac 2 sample was studied only once. simulans). Due to technical difficulties and to a small sample size, genetic variation for Bordeaux 1-96 in D.
Interestingly, two of these three low-variation samples (Preignac 1 and Preignac 2) were taken the same year melanogaster was calculated from only 5 loci: bib, cad, slobo, Su(z)2, and twist. Data for all other samples were (1997) from neighboring sites. An inspection of genetic diversity at individual loci reveals similar tendencies. In calculated using 10 loci and were very similar. All loci were polymorphic in D. melanogaster. Only 8 loci were the two Preignac samples, mam, slobo, and Su(H) showed a marked decrease in variability, leading to their lowest polymorphic in D. simulans. However, the 2 monomorphic loci in the latter species (odd and twi) also values for the whole survey. The values at the other loci were also very similar in the two samples. The third lowshowed low variation levels in D. melanogaster. Overall, D. melanogaster was less variable than D. simulans. The variation sample (Bordeaux 1-98) showed a decrease in heterozygosity for a different set of loci: bib, dl, slobo, average heterozygosity was 0.375 in the first species The proportion of heterozygotes was not significantly from each other; however, there is no indication that a difference of power of the test in one species is respondifferent from values predicted from heterozygosity (i.e., parametric gene diversity) at the population scale, exsible for the contrast found between them. On the contrary, and interestingly, almost all significant tests in D. cept in two instances, one in each species. This indicates that in general there was no microgeographic structursimulans implicate the three samples in which heterozygosity dropped to low values. ing within sampling sites. This means that the nonattractive traps used for collecting the flies produced no WahNo significant differences were observed in either species between the three samples from the time series lund effect or that they recruited flies from a panmictic population that was large enough for randomizing gefor Bordeaux 1 in 1997. This indicates that no change in allele frequency occurred during the annual demonetic correlation across kin groups. This also indicates that the flies collected at the beginning of the annual graphic expansion. These samples were therefore pooled. Bordeaux 1-97 then remained significantly different demographic expansion showed no consanguinity, contrary to some previous studies (see discussion).
from Bordeaux 1-98 and from Preignac 1-97 in D. sim- ulans (sequential Bonferroni method over 21 comparisons). In Table 6 , structuring can be examined between Few studies on the population structure of species samples from different populations of this species colfrom the melanogaster subgroup have been carried out. lected at the same time or between samples from the Our observations were conducted at a relatively high same population collected at different times.
latitude (45Њ N 35Ј-45Њ N 45Ј) and a mild climate in Spatial structuring involved six independent comparia continuous agrosystem that seems to sustain dense sons between the four populations in 1997 (Bordeaux 1, populations of these species. We observed facts that Bordeaux 2, Preignac 1, and Preignac 2) and a unique apparently pertain more to demography than to spatial comparison between two populations in 1998 (Bordeaux 1 differentiation. While spatial structuring is easy to acand Preignac 1), making a total of seven comparisons. count for in population genetic studies, demographic Three of them were significant, all involving 30-km-disperturbations are relatively unpredictible and may differ tant sites in 1997: Bordeaux 1-Preignac 1, Bordeaux from place to place, thus confounding genetic analysis. 2-Preignac 1, and Bordeaux 2-Preignac 2.
Below, we discuss these facts, discuss their biological Time structuring involved three pairwise comparimeaning, and then consider their consequences for gesons: the two pairwise comparisons between the three netical research. successive Bordeaux 1 samples (1996-1997 and 1997- Microscale contrast between D. melanogaster and D. 1998) and those between the two successive Preignac 1 simulans: We found no substantial deviation from samples (1997 and 1998) . Two of them were significant Hardy-Weinberg proportions in either species over the (Table 6) ). This is a very high value for an inbreeding coefficient. Genetic drift in D. simulans populations: Overall these An average F ϭ 0.59 is expected only after four generadata suggest that D. simulans samples were collected tions of brother-sister mating. No D. melanogaster populain a neighborhood of a small effective size. Genetic tions are observed for ‫7ف‬ months, from January to Audifferentiation within species can result from either gegust. D. melanogaster's developmental time in winter netic drift alone or a balance between migration and must be very long, since it depends on environmental genetic drift. Our sampling design was too simple for temperature. Development lasts 2 weeks at 25Њ, but us to test detailed models of breeding structure. One drops to 4 weeks at 17Њ, a temperature below which way to interpret our data is to consider that the changes males are unable to reproduce. Four generations thus are temporal and mainly involve genetic drift. Estimates appear a probable maximum for winter populations. for N e /t for a year using Waples's (1989) our data overlapped the same sampling season, and no For Preignac, we assume that the higher heterozygosity evidence of consanguinity was found. The cause of the in the second year (1998) results from a return to a differences between the two studies is unknown. They normal value after a population drop in 1997. There differ in a number of aspects: the sampling device, the are probably many generations per year. However, in sampling area, the kind of markers used, and the numsummer and autumn, there are huge fruit-fly populaber of loci. Only comparative studies using the same tions: the sampling effect of successive generations methods in the two areas could solve this point. would not be apparent in a survey of 10 loci on 40
In D. melanogaster from southwestern France, no popuchromosomes. The very low population level in winter lation structuring was found over space or over time. This suggests that our estimate is close to that of an overwintering generation.
species thus appears to form a relatively evenly distributed panmictic population at this geographical scale. For simirest of the year, the fruit flies from a given area would retain a gene identity of f ϭ 1/(2N e ϩ 1) ‫ف‬ 1/100, lar latitudes, high population levels (Ͼ10,000) were obtained in Japan (Mukai and Yamaguchi 1974) and in despite their high population level. It would be tempting to estimate a migration rate between sampling sites. the population of Raleigh, North Carolina (Mukai et al. 1971; Mukai and Voelker 1997) using the allelism of Unfortunately, its estimation would depend on a stable population model, which is confounded by our results. lethals, with no indication of population substructuring. An allozyme study by Smith et al. (1978) found no
The observation that the decreased heterozygosity in Preignac in 1997 was completely restored in 1998 (and evidence of microscale structuring in North American D. melanogaster populations.
the F ST nonsignificant) suggests that extensive gene flow occurs. The picture is different in D. simulans. Statistically significant differences in allele frequencies were consisFor D. melanogaster, no genetic differentiation was detected in this study, but we cannot exclude that fluctuatently found between locations and between successive years. It is unlikely that significance was due to local tions also exist. We can note only that no bottleneck event was detected in D. melanogaster while two strong heterogeneity within vineyards, since this would also have induced differentiation between sampling sites 4 events were found in D. simulans in the same sampling sites. Thus there is a difference, but maybe only one of km apart. Spatial heterogeneity was associated with a reduction in heterozygosity between successive years. In intensity. Even though the difference between the two species may lie in trivial quantitative changes within the only case in which this could be observed, the drop in variation was simultaneous 4 km apart, thus giving a single ecological framework, there are conspicuous differences in the genetic distribution patterns. the spatial extent of a neigborhood. A 4-km patch is substantial, and the effective size relatively small (down We do not assume that the difference observed in southwestern France will be found throughout the overto ‫05ف‬ individuals) for an organism occurring in huge populations in summer.
lap zone of these two species, but only that they are able to react differently to their environments in such Evidence of demographic instability in D. simulans: Overall, the genetic variation in D. simulans is much a location. Microhabitat studies show that D. melanogaster is more abundant than D. simulans in villages and in higher than that in D. melanogaster, showing that longterm population size is substantial. The significant fixahouses. This has been observed in a number of areas, including tropical Africa (David 1979) and Tunisia tion indices between samples indicate fluctuations in population size in this species. For this reason, we do (Rouault and David 1982 gaster. Temperate D. melanogaster females differ from tropical populations in the control of fecundity, thus the two species was the most frequent. This suggests that the difference in effective population size was not allowing them to cope with annual environmental changes through individual adaptation. This is not obdue to demographical differences in summer, but probably to differences in winter. It is reasonable to assume served in D. simulans, where tropical and temperate females behave similarly in experimental designs simuthat winter populations of either species are fragmented into small overwintering isolates that expand locally in lating the two environments (Boulétreau-Merle 1992). These ecological differences would contribute to limit summer, coalesce, and finally restore a dense and continuous population. The most likely population regime population level in D. simulans. A study of 15 D. melanogaster populations over a 700-km north-south gradient would involve two steps, with random genetic drift occurring in winter and gene flow in summer. We can in southeastern France by Girard and Palabost (1976) showed no allozyme frequency differences. However, thus imagine the D. simulans population as a field of neighborhoods. Fruit flies from a given area would origigroups of populations differed significantly in ovariole number, suggesting ecological adaptations. Unfortunate from a limited number of surviving individuals, resulting in a temporary level of inbreeding. However, nately, no corresponding study is available for D. simulans. the resulting structuring would not last long, since populations exchange individuals. Our lowest estimates of Practical consequences for population genetic studies: Of the two species used in this study, D. melanogaster effective population size in D. simulans in Bordeaux is N e /t ϭ 48 for a 1-year cycle. Since the effective populaappears to form a large and stable population, whereas D. simulans appears to be fragmented into small drifting tion size of a population over some period of time is the geometric mean of the elementary population sizes demes. These population profiles are reminiscent of the conceptions of population put forward by Fisher and of each generation, our estimates are likely to be close to the size of the winter breeding population. For the Wright, respectively. The boundaries of our observation design set a limit to the generality of this conclusion, ⌫(V,S), where V ϭ 4N e v and S ϭ 4N e (h ϩ f ), given that v is the lethal mutation rate, f is the inbreeding which should be confirmed by independent evidence. It is, however, important to consider its potential implicoefficient, and h is the dominance disadvantage of lethal heterozygotes. It is assumed that the selection coefcations, since these two species are widely used as models in evolutionary biology. The F ST can be interpreted in ficient of lethal homozygotes is s ϭ 1. The expected frequency of lethals E(q) ϭ v/(h ϩ f ) is independent terms of a decomposition of genetic diversity. Of the total variation that is present within a 30-km area, a local of the effective population size, but depends on the inbreeding coefficient. population of D. simulans represents only 1 Ϫ F ST Ϸ 97.0% (using the average F ST between sampled sites in
In our results, a striking difference between species lies in f, the inbreeding coefficient of populations. Its this study). The balance is the amount of variation that would be locally and temporarily lost in the overwintervalue is negligible in this study in Nordborg et al. 1996) , ing for mitochondria and for X chromosomes will be where r is the local recombination rate. In this expresincreased. This may inflate contrasts when comparing sion, the mean selective disadvantage hs of mutant hetpopulations from different continents for X-linked erozygotes depends only on dominance, whereas our genes (Hamblin and Veuille 1999).
results suggest that it could also be affected by the breed-A fragmented overwintering population may also ining structure of populations. Provided that the interspetroduce changes in the genomic makeup of a species. cific difference in breeding structure extends over a For instance, homozygotes for deleterious mutations are substantial part of their range, this might be an addimore likely to appear during strong bottlenecks. This tional factor involved in differences in genetic variation may purge the genome of many deleterious variants, between the two fruit-fly species. The D. simulans geespecially lethal genes, and decrease the effect of backnome not only is more variable than that of D. melanogasground selection (Charlesworth et al. 1993) . A theoter at the nucleotide level (Aquadro et al. 1988 ; Moriretical study by Wright (1937) showed that the steadyyama and Powell 1996), but also is less variable for state frequency of recessive lethals is smaller in small natural inversion polymorphisms (Lemeunier and Aulpopulations than in large ones (see Wright 1969 Wright , pp. ard 1992 . In this and in the differential chromosome 363-366). This model considered strictly recessive lepatterns of molecular variation in its African range thals. However, many lethal and mildly detrimental al- (Andolfatto 2001) , it resembles D. melanogaster X varileles in Drosophila have a dominant effect and are thus ation more than autosomal variation. A possibility is that eliminated as heterozygotes in large populations (Green- the purging effect of temporal variations in population berg and Crow 1960). Models taking this into account size contributes to all of these effects. show that the size of the population still contributes to It thus appears that, even though D. melanogaster and the load through random fluctuations in allele frequen-D. simulans are very closely related, a correct interpretacies (Kimura et al. 1963; Nei 1968) . However, the mating tion of the differences in their population genetic pasystem could also contribute to the load adjustment by rameters may require an extensive knowledge of the eliminating lethals as homozygotes. Temporal inbreeddemographic regime of the populations from which the ing in a natural population could thus be a key factor samples are collected, knowledge which is as yet lacking. in determining variation patterns.
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